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Method and device for 3 dimensional imaging of suspended micro- 
objects providing high-resolution microscopy 

The invention is related to methods and devices -for high- 
resolution image recording of- at least one object, in particular 
with a microscope, 

1) The State of the Art 

A) Microscopy - in biological research. 

The development of fluorescent bio-molecular probes- especially 
fluorescent proteins enabling the observation of sub-cellular 
process and structure inside living cells, has come to pass as a 
renaissance in light microscopy. Novj a variety of evolving bio- 
chemical techniques incorporate and/or are based upon combining 
fluorescent molecular probes and light microscopy • They provide 
both qualitative and quantitative visualization of specific' mo- 
lecular dynamics underlying live cellular activities. However, 
inasmuch as it is now clear that these biological processes de- 
pend upon spatio-temporal compartmentalization, the major focus 
for development in light microscopy, is to overcome certain sys- 
tematic problems that obstruct our ability to render simple, yet 
quantitatively accurate three-dimensional mapping of fluorescent 
signals inside living cells (viz. 3-D microscopy) 

Three Major Systematic Problems in 3-D Microscopy 
The ability to render three-dimensional maps of fluorescent sig- 
nals from micro objects visualized by light micro-scopy is lim- 
ited mainly by three systematic artifacts. 

a) Axial aberration- the elongation effect 

A central issue in light microscopy arises* from limitations due • 
to the spatial resolution of images*. This is dependent upon the 
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objective l^ns used and the geometry of the light focused by the 
lens- In general, microscope objectives with a high magnifica- 
tion and a high numerical aperture are used for achieving the 
best resolution (e. g, 63x; lOOx/N.A, 1.4 oil immersion). How- 
ever, there exist physical limitations for light collection 
through the glass lens of any objective. In particular, the xy 
resolution is always (at least two times) greater than in the z-- 
axis (a.k..a '^optical'' axis). Specifically, x, y plane resolution 
is around 100 - 150 nm, whereas the resolution along the z-axis 
is much lower (around 300 to 500 nm) , and this fact results a 
major systematic artifact of light microscopy- i.e. ^^axial aber- 
ration'', whereby a spherical object at the focus of a microscope 
objective in fact appears to be elliptic in shape, with its 
largest extension along the z-axis, i.e. the light path. A sche- 
matic representation of this type of optical aberration (the 
^^elongation'' effect) is shown in fig. 9. The axes of the micro- 
scope optics are x (9.1), y (9.2) and z (9.3). A feature 9.4 
which is originally circular in reality appears to be elongated 
9.5 due to optical aberration, and this problem is one of the 
major obstacles to overcome in 3 dimensional imaging microscopy. 

b) Chromatic aberration- axial misalignment of multiple wave- 
lengths . 

In addition to the problems of optical aberration and diminished 
axial resolution that reduce the ability to visualize in 3-D on 
a light microscope, another problem is referred to as ^chromatic 
aberration'' or ^^axial chromatic aberration". Chromatic aberra- 
tion occurs in applications where multi color images are ac- 
quired (Beyer) . When perfoinaing z-scans at different wavelengths 
the light diffraction at the glass-to-medium-interface and 
within the whole microscope set-up depends upon the wavelength - 
As a consequence the focus for different wavelengths varies as a 
function of the z-axis displacement. Various types of correction 
are used to overcome chromatic aberration, for example, in con- 
focal -microscopy (see below) a calibration of the ^^zero'^ posi- 
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tion (unique to just one z-axis position) for all colors can be 
performed by an alignment of the light paths for the different 
wavelengths using multi colored (artifical) spatial-calibration 
samples (so-called '^Focal Check Microparticles'') . However, inas- 
much as the calibration is unique to just one z-axis focal posi- 
tion, if a shift in focus occurs a systematic misalignment will 
again persist. 

c) Out of focus light, and diffraction effects. 
The third problem of three-dimensional fluorescence microscopy 
is that the micro-object itself comprises a complex three- 
dimensional form, and as such interferes with image visualiza- 
tion from the focal plane. This fact gives rise to a host of re- .- 
lated problems for which there is no single general solution. 
Nonetheless, these problems are inextricably linked and must be 
considered critically in order to achieve true three-dimensional 
rendering. In general, these problems stem from light distortion 
caused by both the object itself, and the non-linear character- 
istics of light diffusion between different focal planes. These 
sorts of problem become critical in fluorescence microscopy 
where so-called '^out-of-focus-lighf , (light from parts of an 
object laying outside the focal plane) contribute to what is ob- 
served at the focal plane. This light compromises the crispness 
of the image, inasmuch as it introduces an out-of -focus ^^haze'' 
into the image focal plane. 

There are two ways of eliminating or reducing out-of- focus haze: 
i) confocal microscopy (see below) , and ii) deconvolution. The 
latter is a calculation-intensive, algorithm-based mathematical 
method for sharpening images (from any source) that contain out- 
of-focus light. In general, the method requires that an axial 
stack of images be collected from the sample, at small (e.g. 50- 
500nm) steps. The axial stack may then be processed using spe- 
cial algorithms that take into account a variety of optical pa- 
rameters including the objective lens, and excitation/ emission 
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wavelengths. The corrected stack of images is then converted 
into a three-dimensional model of the object by either removing 
or reassigning the identified out-of-focus light (Egner, Mark- 
ham) . Using adequate graphics computing power, this three- 
dimensional model may then be rendered into animations allowing 
the object to be observed from any arbitrary viewing point. 

Disadvantages of this approach are that it is calculation inten- 
sive (which costs time and processing power) , and that it suf- 
fers inaccuracies and artifacts due to its extensive dependence 
upon calculation-based assumptions and/or corrections that must 
be applied at multiple stages during the processing procedure. 
It must also be noted that the best types of deconvolution algo- 
rithm, rely upon prior measurement of a so-called PSF (Point- 
Spread- Function) specific to any given optical configuration (ie 
the microscope set-up)'. Put simply, the PSF is a measure of 
light diffusion from a sub-resolution point within 'a. given focal 
plane, " and can therefore be used to ^^re-map" out-of-focus light 
back into its appropriate 3-D voxel. However, a major problem 
with applied algorithms using PSF, is that it is extremely dif- 
ficult to measure a "good" PSF. In particular, a major problem 
arises from the fact that the PSF in any given sample is itself 
altered as a function of the axial distance through the sample 
(Sedat) . This fact results in any single PSF being representa- 
tive only of a single focal plane, and therefore distorts recon- 
structions based upon z-axis stacks where clearly the z-axis is 
deflected in order to scan throughout the volume of a given sam- 
ple. Finally, in addition to out-of-focus light, the sample (as 
stated above) alters the diffusion of light through its own vol- 
ume by diffraction. This gives rise to a further group of prob- 
lems, whereby light emission from the focal plane is deterio- 
rated due to shading or diffraction of light by optically dense 
regions within the object " itself (e.g. cell) that lay in between 
the microscope lens and the fluorescent features being imaged. 
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Advanced techniques for improved 3-D fluores cence microscopy 
Three-dimensional imaging of micro objects requires that the" 
above problems be addressed, and this may in part be achieved 
using nxomerous types of novel approach. Herein, a brief descrip- 
tion summarises some of the advanced microscope techniques at 
the cutting edge of what is currently available. However/ it 
should be noted that all will be improved substantially by the 
utility of the invention described herein. On this point, as for 
conventional fluorescence microscopy, all these techniques 
(without exception) achieve 3-D rendering by mechanically scan- 
ning the focus through multiple z-axis acquisitions at small 
(nm) intervals, collected' from the sample volume. As such the 
micro object must, therefore, be immobilized by adherence to an 
optically transparent surface siabstrate (normally a ISOmicron 
thick glass cover-slip) . The resulting image "z-stack" must then 
be treated by calculation- intensive processing to yield 3-D ren- 
dering. 

Single-photon excitation confocal fluoresce nce roicroscopy uses 
focused laser light for fluorescence excitation and, in general, 
a pinhole in the path of fluorescence emission, which allows in 
focus light derived from the x,y image plane to pass, but effec- 
tively rejects out-of-focus light. Fluorescence light measured 
using pinhole systems is detected using photo-multipliers and a 
scanning device. By way of an alternative, some commercial con- 
focal systems use a so-called "Spinning-Disc" (Nipkow disk) sys- 
tem that achieves much the same result by rejecting out-of-focus 
light. However, the detection system differs inasmuch as it com- 
prises a CCD camera, affording greater speed of acquisition. Ei- 
ther way, the advantage of confocal microscopy is that out-of- 
focus haze is greatly reduced, and by performing a z-scan, 
stacks of confocal images can be generated from a sample volume, 
in order to build a three-dimensional rendering of the imaged 
voliame. Note that this approach still suffers from chromatic and 
axial aberration problems. 
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Multi -photon excitiation confocal fluorescence microscopy 
A method for improving resolution in fluorescence microscopy is 
based upon the use of multi photon laser excitation. Fluores- 
cence excitation of a fluorophore occurs at a certain wavelength 
X nominally determined by its specific excitation absorption 
maxima- Efficient absorption of a single photon at this wave- 
length results in excitation and emission of fluorescent light 
(conventional fluorescence microscopy) ; However, excitation may 
also be achieved by simultaneous absorption of two photons of 
lower energy, displaying wavelengths approximately half the ex- 
citation maxima. This mode of so-called ^'multi-photon^' excita- 
tion, is considered to be. ^'biphotonic or two-photon'' induced 
fluorescence, and Is made possible by grace of high energy 
pulsed lasers. In general this mode of excitation can be consid- 
ered a means to excite fluorescence from, for example, a blue- 
gree absorbing fluorophore using multi-photon excitation from a 
near-infra-red laser emitting sub-microsecond pulses of light. 
Inasmuch as the two photons of near-IR light are aligned and 
collide only at the focal plane of the optical set-up, the en- 
ergy density of this multi photon excitation is concentrated 
solely at a single femtolitre volume within the microscope's fo- 
cal plane. As such, multi-photon excitation is intrinsically 
confocal by nature. In effect this approach gives a pure, and 
efficient image free from "'out of focus" fluorescence. The dis- 
advantage of multi photon fluorescence microscopy is the re- 
quirement for high energy pulsed lasers to be attached to the 
microscope, resulting in high cost and large, difficult to man- 
age equipment assemblage, maintenance and application. 

4Pi confocal (theta) microscopy, standing-wave microscope (SWM) , 
incoherent illumination interference image interference micros- 
copy (ISM) 

The generation of higher resolved three-dimensional images of 
cells can be improved by a combination of the techniques men- 
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tioned ei>ove and modifications of the optomechanic set-up. The 
use of two separate objective lenses for excitation and collec- 
tion of fluorescence- emission light leads to a smaller detection 
volume element and an equilateral resolution some 4 times higher 
than for conventional fluorescence microscopy (Egner) . This 
technique is used in combination with multi photon" fluorescence 
microscopy. In a 4Pi confocal fluorescence microscope two oppos- 
ing microscope objective lenses are used to illuminate a fluo- 
rescent object from both sides and to collect the fluorescent 
emissions on both sides. Constructive interference of either the 
illuxaination wave fronts in the common focus or the detection 
wave fronts in the common detector pinhole results in an axial 
resolution approximately four times higher than in a confocal 
fluorescence microscope (Hell) . The excitation/observation vol- 
ume can be considerably decreased when the detection axis is ro- 
tated by an angle Theta (e.g. 90") relative to the illumination 
axis as in Theta Microscopy (Lindek) . Both methods bring along 
siibstantial limitations for the sample carrier and the micro- 
scope objective, which can be used. In addition there is a huge 
effort involved when aligning the two focal volumes of the ob- 
jective lenses, which has to be done with sub-micrometer preci- 
sion. 

B) Micro Electrode/Fluidics Chamber (s) for three dimensional ma- 
nipulation of Micro Objects 

Holding and lifting micro objects by negative dielectrophoresis 
in a well defined electric field minimxam has been described 
since 1992 (Fuhr, G. et al. "Biochim. Biophys. Acta" 1108, 1992, 
215-223) . First, planar two-dimensional arrangements of micro 
electrodes have been used. They contained for example four elec- 
trodes with a tip-to-tip distance of 100 to 200 micrometers. 
Holding and lifting objects in these so-called "field traps" was 
only possible using alternating fields. Rotational fields had 
only limited trapping efficiency and were very sensitive to hy- 
drodynamic streaming (Schnelle, Th. et al. "J. Electrostatics" 
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46, 1993, 13-28, Schnelle, Th. et al. "J. Electrostatics" 50, 
2000, 17-29, Schnelle, Th. et al. "Appl. Phys . B" 70, 2000, 267- 
274, Reichle, Ch. et al. "Biochim. Biophys. Acta" 1459, 2000, 
218-229) . The development of so-called CellProcessors - three- 
dimensional electrode arrangements led to "field cages" consist- 
ing of eight electrodes and building up closed electric field 
cages (Schnelle, Th. et al . , 1993, see above, MUller, Th. et al. 
"Biosensors & Bioelectronics" 14, 1999, 247-256, Reichle, Ch. et 
al. "Electrophoresis" 22/2, 2001, 272 - 282). -Cell Processors" 
containing dielectric field cages (DFCs) have been used in com- 
bination with a variety of high resolution optical techniques 
applied to micro objects, such as fluorescence correlation spec- 
troscopy IFCS, schnelle, Th. et al. "Electrophoresis" 21, 2000, 
66-73), force measurements using laser tweezers (Fuhr et al. 
"Appl. Phys. A." 67, 1998, 385-390), electro-rotation (Schnelle 
et al., see above), measurement of ligand-receptor binding 
forces (Reichle et al . 2001, see above) and confocal laser scan- 
ning microscopy (MUller, Th. et al. "European Biophysics Jour- 
nal" 29/4-5, 2000, 12D-3 (Poster); Wissel, H. et al. "American 
Journal of Physiology Lung Cell Mol. Physiol." 281, 2001, L345- 
L360) . 

2) Object of the invention 

The object of the invention is to provide improved high- 
resolution measuring methods, in particular imaging methods 
avoiding the disadvantages of conventional methods. It is a par- 
ticular object of the invention to provide a generally applica- 
ble solution that enhances high-resolution 3-D imaging methods 
by overcoming, diminishing or avoiding completely the systematic 
artifacts of light based microscopy described above. The inven- 
tion shall provide an altogether new approach for the generation 
of three-dimensional image series describing both quantitatively 
and qualitatively a more accurate spatial map of any given fluo- 
rescent, bioluminescent, or auto-fluorescent micro-object- e. g. 
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a live mammalian cell labelled with fluorescent molecules. An- 
other object of the invention is to provide a device that may be 
implemented to any (and all) existing fluorescent microscope 
techniques (as described above) • 

This object is solved with methods and devices according to 
claims 1 or 15, respectively. Advantageous embodiments of the 
invention are defined in the dependent claims. 

3) Summairy of the invention 

Generally, the high-resolution image recording according to the 
invention comprises a positioning of at least one object in a 
receptacle in the optical axis of a microscope imaging system, 
generating at least two intermediate images of the object with 
different orientations in space and evaluating an object image 
from the intermediate images, wherein the different orientations 
of the object are provided by moving the object as such relative 
to the receptacle. The feature of moving only the object while 
the imaging system and the receptacle are kept at fixed posi- 
tions (e.g. in a laboratory system) has the advantage of provid- 
ing high-resolution images without troublesome changes of the 
opto-mechanical features of the imaging system. The term differ- 
ent orientation refers generally to different geometrical ar- 
rangements of the object relative to the optical axis. The ar- 
rangements can be obtained by translations and/or rotations. 

The invention can avoid completely (1 and 2), or minimize (3) 
the following problems in 3-D light microscopy: 

1. Axial aberration - Elongation effect of the imaged features. 

2. Chromatic aberration- axial misalignment at multiple wave- 
lengths . 

3. Shading/Diffraction effects due to optically dense regions, 
and 
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The invention also optimizes completely (4 and 5), and enhances 
greatly (6) the following procedures of 3-D* light microscopy:. 

4, 3-D object rendering - facile 3-D character-ization, NO CAL- 
CUIATION NEEDED. 

5, - PSF based algorithm remapping of ^^haze^^- PSF required from 

single voxel only. 

6, Optical Resolution- by using sampling from only one x,y 
plane to detect axial shape distribution 

One basic idea of the invention described herein is to use in 
particular a DFC in order to freely translate and/or rotate the 
micro object itself in order to record different image planes 
and to keep the measurement volume itself motionless (or to move 
it in just one dimension e. g. scanning). 

In the context of the current invention these movements of the 
micro object - e. g. a live suspended biological cell - are 
preferably realized by time dependent ac electric fields and 
negative dielectrophoretic forces. They are preferably generated 
in fluidic micro-chips containing DFC's that are customized to 
achieve specific movements of the micro object in three dimen- 
sional space. In this context .we have implemented and s\ibstanti- 
ated that a DFC comprising eight micro electrodes forming a 
closed field cage,, provides sufficient stability and control to 
achieve these movements. Ideally, the dimensions - diameter and 
distance between electrodes- are preferentially within the range 
of the object's size, i.?. between 1 and 1000 yim. The electrodes 
were fixed within a microfluidic chamber which was made of a 
transparent material suitable for high resolution microscopy, e. 
g. glass with 150 pm thickness. Negative dielectrophoresis was 
induced by applying electric ac fields in a frequency range of 
100 kHz to 100 MHz. Field cages were generated, for example, by 
applying rotational fields to the two* planes of four electrodes 
each with a phase shift of 90° between the electrodes within one 
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plane and of ISO** between the planes. During micro object rota- 
tion this mode yielded an efficient dielectric field cage and 
highly stable positioning in x-, y- and z-directions . 

Thus, the invention is based on this surprising and unexpected 
result of the inventors according to which micro-objects sus- 
pended in a fluid can be manipulated with electric field forces 
with a precision sufficient for an evaluation of the object im- 
age from the intermediate images. The precision of rotation even 
was obtained* despite asymmetry and/or gravitation effects. Thus, 
it has been found that the object can be positioned stably iri'x- 
, y- and z-directions. It can be rotated around a defined axis 
and oriented by addressing the electrodes with a suited signal 
characterized by time dependent amplitude, frequency and phase. 

The physical reason for the rotation of a micro object is a po- 
larization of its charges / dipoles within a rotational field. 
The torque is dependent upon the field strength, the field fre- 
quency and the passive electric properties of the object in re- 
lation to the suspending medium. The torque can be deliberately 
induced by using appropriate rotational fields, i.e. certain 
phase shifts between the electrodes and/or a certain geometry of 
the electrode arrangements. Computer/user controlled protocols 
will be adapted that allow the electrodes to be alternately 
triggered in order to achieve fixed protocols of micro object 
movement, and facile directional and speed control. The result- 
ing device shall be capable of allowing the user to select and 
change the rotational axis, speed of rotation, and extent /angle 
of deflection. 

With this device rotating the object can be realized in a con- 
tinuous fashion or for defined time periods and angles. For ex- 
ample, a horizontal rotation can be changed to a vertical rota- 
tion or a ^^random'' rotation while maintaining the same z- 
position. Small changes of the rotational axis can be achieved 
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by varying the amplitude and/or the phase at least at a single 
electrode. Moreover, a well-defined variation of the z-position 
can be achieved by varying the amplitude and/or the phase within 
one electrode plane, and rotational axes can be changed without 
affecting the positioning stability. 

For caging objects within a DFC without inducing a torque AC 
fields can be used. The dipole moment in z is then zero and 
forcing in z-direction - i.e. the positioning along the z-axis 
against the force, of gravity - is achieved merely by higher mo- 
ments/ e.g. quadruple moment. This works best for a ratio of ob- 
ject diameter compared to tip-to-tip distance of the DFC elec- 
trodes of 1:4 to 1:10. Preferred field modulations are adapted 
for changing a horizontal rotation to a vertical rotation or a 
"^"random" rotation while maintaining the same z-position/ apply- 
ing small changes of the rotational axis - typically 1® to lO*' - 
by varying the amplitude and/or the phase at least at one elec- 
trode, or varying the z-position - typically 50 nm to 10 \m - by 
varying the amplitude and/or the phase within one electrode 
plane. If the object to be investigated has an asymmetrical 
shape, the electrodes can be controlled such that the object is 
rotated relative to a fixed centre of rotation. A variation of 
angular velocity and/or centre of rotation can be compensated by 
a field amplitude modulation. In terms of a homogeneous compen- 
sation, the electric field forces preferably are generated by a 
plurality of electrodes (about 8 or more) surrounding the ob- 
ject. 

According to an alternative embodiment of the invention the mi- 
cro object may be moved by holding the object at a fixed posi- 
tion by means of electric field forces and by rotating the ob- 
ject by means of optical forces as generated e.g. with laser 
tweezers . 
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Image series generated from micro object rotation usincr the in- 
vention contain characteristic 3-D spatial information that is 

free from artifacts. 

Generally/ the high-resolution image recording according to the 
invention comprises a positioning of at least one object in a 
receptacle . iai the optical axis of a microscope imaging system,' 
generating at least two intermediate images of the object with 
different orientations in space and evaluating an object image 
from the intermediate images, wherein the different orientations 
of the object are provided by moving the object as such relative 
to the receptacle • Clearly, rotating a micro object while main- 
taining the imaging system, optics and sample receptacle in a 
fixed position has the advantage of generating an x,y image se- 
ries that reveals implicitly 3-D details that are transiently 
axial to the focal plane, but without axial or chromatic aberra- 
tions. Moreover, this 3-D visualization is facile, inasmuch as 
it does not require troublesome axial changes in the focal plane 
that normally require complex opto-mechanical devices. 

Thus, in effect the invention allows, on-line, ^^real-time'' 3-D 
movies to be generated of micro-objects that should normally re- 
quire ^^virtual'' rendering by off-line, convoluted and expensive 
methodologies . 

Utility and Further Advantages of the Invention: 

The methods of the invention are implemented with an optical mi- 
croscope imaging system as e.g, a modified conventional fluores- 
cence microscope being equipped with a two-dimensional camera or 
with other detector elements being arranged point-wise, as a 
line or two-dimensional ly. In the context of the present inven- 
tion, "high-resolution imaging" is defined as spatially mapping 
micro-objects with maximum optical resolution (i.e, on the x,y 
plane of axes --100 nm) without recourse to z-axis deflection 
that should nominally introduce axial aberration and a loss of 
resolution. A micro-object to be imaged is a biological or syn- 
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thetic object with a typical cross-section in the range of 1- 
lOOviiQ. Imaging an object generally comprises mapping of topog- 
raphical object features • The object features comprise the com- 
plete object or only parts thereof, they are located on the sur- 
face, or in the volume of the object. The 3-D object shape may 
be evaluated from the intermediate images, and by grace of the 
invention specific rotations of the suspended cell, around a 
fixed xyz coordinate gives optimal optical access to every loca- 
tion within the cell. Thus, the invention makes it possible to 
generate image planes from different angles and object planes 
without moving the microscope objective or the scanning table of 
the microscope. For the application of deconvolution algorithms 
using PSF based calibrations, this has the added advantage that 
only a single PSF (measured a fixed distance from the objective 
and coincident with the focal plane) needs to be applied. 

Continuous imaging of controlled changes in position of the ob- 
ject by rotating it around at least one horizontal axis and one 
vertical axis is very useful for a reduction of the calculation 
effort required for a three dimensional imaging. A film series 
(see figures) of cell rotation imaged with a camera at rela- 
tively high speed (1-50 images/ second) results in a ''^real'' re- 
cording of three-dimensional structure, thereby replacing the 
virtual 3-D rendering generated from conventional optomechanical 
z-stacking acquisition (as described above) . Depending on the 
phase shift of the electric fields at the eight electrodes of 
the field cage, arbitrary rotational axes can be realized. A ro- 
tation of a single cell around two different axes which run 
through its center - for example within the x, y plane of the mi- 
croscope' s field of view and around the z-axis - enables multi- 
ple sets of images to be repeatedly captured and the 3-D struc- 
ture of the cell can be fully evaluated from all angles, limited 
only by the number of sampling repeats. 
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The invention can be combined easily with many different tech- 
niques of fluorescence microscopy including all confocal tech- 
niques as well as with methods for single molecule detection 
[e«g. fluorescence correlation spectroscopy. Fluorescence Inten- 
sity Distribution .Analysis (FIDA) , Moment Analysis of Fluores- 
.cence Intensity Distribution (MAFID) ] . For example, • it can be 
advantageous to move a light beam that passes the objective in 
one dimension like in a laser-scanning microscope (scanning) . 
The object can be rotated slowly around a horizontal (xy) and/or 
vertical (z) axis, typically with a frequency of 0.5 rps (revo- 
lutions per second) to 1 rpm (revolutions per minute) . Along the 
same lines, a rotation around the z-axis and simultaneous fixed- 
point scanning in a single direction (like applied in the ^^In- 
sight" reader of molecular fluorescence equipped with a linear 
beam scanner) yields a two-dimensional scan of a plane within 
the cell. Photon counting and signal processing techniques can 
then count fluorescent molecules within this specific plane. 
Along the same lines, the ability of the invention to move the 
suspended cell along the z-axis is of great utility. In particu- 
lar, moving the cell eliminates the need to move the carrier in 
relation to the microscope objective. Thus, once the optical 
system is aligned for multi color observations, chromatic aber- 
ration due to different refractive behavior of different excita- 
tion wavelengths in multi 'color applications does not occur. 

The invention enhances the application of existing 3-D rendering 
PSF-based algorithms. 

The ability to rotate a micro object is useful for sampling sub- 
compartmentalised domains. For example/ by grace of the inven- 
tion, a living cell may be suspended and imaged in its starting 
position, before being rotated around an axis within the x,y 
(equatorial) • plane by a defined angle (e. g. . 180**, 90** or 
less) and then imaged again in a second position. The same pro- 
cedure is repeated for an axis perpendicular to the first in the 
z plane. This repeating procedure provides a series of images of 
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the. same cell from different angles which, in principal, can be 
used to map the whole 3D volxime with a resolution and precision 
being dependent from the number of images and different angles 
included (see below) . In combination with the ability to rotate 
the micro-object, the invention allows small (50 nm - 50 pm) z- 
axis movements to be achieved. Thus, an object may be rotated 
and shifted on the z-axis in order to build a series of images 
from the same sub-volume, but from different views. Clearly, 
this type of combined rotational/axial manipulation allows ob- 
jects to be introduced and orientated within the "optimal imag- 
ing space" i.e. at a- focal plane whereby the application of PSF- 
based deconvolution and image reconstruction algorithms may be 
optimised according to corrections intended to minimise spatial 
and chromatic aberration. Such existing methods must always take 
into account the coordinates of the optical measurement volume, 
defined by the position and characteristics of the microscope 
objective relative to a fixed position sample. When the z- 
position changes (i.e. the focus is moved) all these parameters 
(i.e. those determining the PSF and axial volume) change and 
must be recalculated, re-measured or estimated. Inasmuch as the 
invention allows for the optical geometry to be fixed, it there- 
fore greatly reduces the errors intrinsic to measurement and ap- 
plication of existing image algorithms used for deconvolution 
and volime reconstruction from z-stack image series. 

The invention opens the way for development of new three dimen- 
sional image reconstruction algorithms . 

As mentioned in the preceding paragraph, in addition to enhanc- 
ing the application of existing algorithms, the invention also 
opens the way for development of image processing algorithms 
previously applied to other problems. For example, in X-ray com- 
puter tomography objects are imaged by rotation of the detection 
system around the object. By taking a multiple image series of 
intermediate coordinates from around the object, it is possible 
to both render the object's three-dimensional volume, and in- 



wo 2004/038484 PCT/EP2003/011818 

17 

crease resolution of the images • Thus, by extrapolation, it is 
in principal possible to apply an analogous algorithmic approach 
to rendering of micro-object rotational series generated using 
the invention described here (e.g. see Appendix I). As such, the 
invention underlies development of completely new ^'3D Image Re- 
construction'' methods. The primary advantage of this sort of ap- 
proach is that the invention ensures that imaging uses solely 
the x,y plane of resolution to visualize a micro object from 
multiple view points. Given the absence of axial aberration and 
reduced z-axis sampling resolution, these new methods shall im- 
plicitly deliver 3D reconstruction representations with substan- 
tially higher resolution than for conventional reconstruction 
techniques. Indeed, such methods may also be combined with those 
already existing image algorithms techniques that use a combina- 
tion of PSF and volxame rendering. 

Another siibject of the invention is a device for high-resolution 
imaging of at least one object, which comprises an optical- 
microscopic imaging system with a receptacle for accommodating 
the object and a control circuit for controlling the generation 
of the intermediate images, wherein this imaging system is 
equipped with a driving device for moving the object relative to 
the receptacle. According to a preferred embodiment of the in- 
vention, the receptacle is provided by a fluidic microsystem 
with an arrangement of microelectrodes, wherein the driving de- 
vice comprises the driving electrodes and a driving circuit 
within the control circuit. 

According to a preferred embodiment of the invention, the con- 
trol circuit contains a switching box being adapted for prede- 
termined switching the rotation axis of the object. The switch- 
ing box allows predetermined manipulations of the object as well 
as the implementation of a time trigger. 
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Further advantageous embodiments of the imaging system are char- 
' acterized by a multi-electrode arrangement in the f luidic micro- 
system. The multi-electrodes arrangement comprises e.g. at least 
3 electrodes within one plane surrounding the object. These- 
electrodes can be controlled for an improved compensation of po- 
sition or velocity variations of asymmetric objects. 

Further advantages are derived from the fact that the object ma- 
nipulation in the receptacle does not effect the object (e.g. 
the physiology of biological cell) . High-resolution imaging ac- 
cording to the invention can be conducted even over a long pe- 
riod of time (e.g. 60 minutes) . 

Alternative CTibodiment 

The implementation of the invention is not restricted to the ap- 
plication with a microscope. Alternatively, the Method for high- 
resolution image recording of at least one object can be imple- 
mented with a measuring device comprising a predetermined meas- 
urement field. As an example, the measuring device can comprise 
an impedance measurement device and said measurement field being 
the receptacle itself. 

4) Brief description of the drawings 

Further details and advantages of the invention are described in 
the following with reference to the attached drawings, which 
show in: 

Fig, 1 a schematic view of an object in a receptacle, 

Fig. 2: an arrangement of microelectrodes. 

Fig. 3: an illustration of sampling and generation of im- 

age-spin series according to the invention. 
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Figs. 4, 5: further illustrations of object movements in a re- 
ceptacle. 

Fig. 6: a schematic view of - an imaging system according to 

the invention. 

Figs. 7, 8: illustrations of experimental results, and 

Fig. 9: an illustration of the elongation effect in con- 

ventional microscopes, 

5) Preferred embodiments of the invention. 



Firstly, examples of a method according to the present invention 
are described with reference to figs. 1 to 5. For illustrating 
the reference directions, figs. 1 shows a site view of an object 
to be investigated (e.g. a biological cell) in a receptacle of 
an imaging system and the position of the electrodes at the re- 
ceptacle, respectively. 



Fig. 1 shows the cell 1.4 containing a fluorescent feature 1.5. 
The cell is caged within the field cage in between the upper 
glass substrate 1.1 carrying the upper electrode plane 1.2a and 
the lower glass substrate 1.3 carrying the lower electrode plane 
1.2b by means of the electric field. The cell is rotated around 
a horizontal axis (1.9) and/or a vertical axis (1.10). It is im- 
aged through a microscope objective lens 1.11 using light of a 
specific wavelength 1.7 which is focused to a focal volume ele- 
ment 1.6. x, y and z axes of the optical set-up are indicated in 
perspective view (1.8) . 

The position of the electrodes of the dielectric field cage is 
illustrated in fig. 2. Reference numerals 1, 2, 3, 4 refer to 
electrode' tips of the four electrodes within the upper electrode 
plane, i.e. on the upper glass sTibstrate of the DFC channel. 
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Reference numerals .1 " , 2', 3", 4' refer to electrode tips of the 
four electrodes within the lower electrode plane, i.e, on the 
lower glass substrate of the DFC channel which is facing towards 
the microscope objective. X, y and z are the axes of the optical 
set-up as described in the text. 

Continuous sampling 

The method of the invention is based on the collection (sam- 
pling) of at least two intermediate images of the object. Sam- 
pling can be performed in a continuous fashion as described with 
reference to fig. 3. Sampling is achieved by spinning the object 
for the generation of image-spin series. The cell is rotated at 
a constant speed of typically 0.1 - 60 (e.g. approximately 1) 
rotation per minute and data sets (intermediate images) are ac- 
quired at a speed of typically 1-1000 te.g. 10) frames per sec- 
ond. 

The cell 3.1, having a dimension 3.2 of several micrometers, is 
continuously sampled during low velocity, high precision rota- 
tion of the cell within the z-plane 3.5, i.e. around the y-axis 
(y) . Every feature (e.g. 3.3) of the cell will be within the fo- 
cal plane 3.7, having a thickness of several hundred nanometers, 
at a certain time and will be imaged there with* highest xy reso- 
lution. Discontinuous sampling (see below), i.e. a xy move of 
90° (3.6) followed by a second rotation of the cell within a the 
z-plane (3.5) allows full sampling. This positions a feature 
with the start position 3.3 for the first scan to the start po- 
sition 3.4. 

Discontinuous sampling 

Examples of discontinuous sampling are illustrated in fig. 4, 
The discontinuous sampling is characterized by a series, or some 
combination therein, of moves comprising rotations and/or z- 
def lections (4.4) to discrete points where an aimage is cap- 
tured, or a rotational image scan is initiated. Fig. 4 shows an 
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example of scanning using multiple rotations . A scan is started 
at t=0 sec- at position 4.1 with a cell rotation speed of ap- 
proximately 1 rotation per minute and data acquisition speed of 
10 frames per second. The cell is spun around the spin axis 
(4.1,1) by the angle (4.1.2). The cell is rotated by ISC'* to po- 
sition 4.2 and 360^ to position 4.3. The feature 4.1.3 has then 
fulfilled the full circle and the feature 4.1.4 has been sampled 
twice from two distinct positions. The rotation to position 

4.4 is preferably conducted by a switching box being a part of 
the control circuit described below (see fig. 6) 

Piezo-electric objective sampler in combination with fixed mul- 
tiple sampling angles 

The image-spin series of the invention can be combined to good 
effect with fixed and discontinuous sampling in an alternating- 
mode. Fig. 5 shows the procedures using fixed sampling angles of 
90**. According to alternative embodiments, other sampling angles 
can be used. 

First, a z-scan is performed on a motionless cell at fixed posi- 
tion 5.1 using a piezo-electric objective sampler (schematically 
shown at 5.1.1), The z-position of the focus is varied in small 
steps, e.g. 0.1 to 1 v™ (z-scan). Reference numeral 5,1.2 indi- 
cates an example of an actual focal plane. After taking a series 
of images, the cell is rotated around the y-axis 5.1.4 by a 
fixed angle of 90 (5.1.3) to position 5.2 followed by another z- 
scan (5.2.1). A second series of images is taken. A further ro- 
tation by 90 around the x-axis 5.2.2 to position 5.3 followed 
by another z-scan (5.3.1) completes the procedure. 

According to the above principle, the feature 5.1.5 is sampled 
twice in two perpendicular axes. In position 5.1, x-y- images are 
taken in dependence on z: 
5.1: (x,y z) 
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After turn 5.1.3, the feature 5.1.5 has a new z-position in the 
x-y- images : 

5.1.3, 5.2: (z ^ x, y) 

Both scans 5.1.1 and 5.2.1 deliver a plurality of images, which 
allow a calculation of the x, y, z-volume of the feature 5.1.5. 
The feature 5.1.6 is not sampled until the second turn.- The to- 
tal object is reconstructed from all coordinate stacks after the 
second rotation around the x-axis only. 

Fig. 6 illustrates a preferred embodiment of a high-resolution 
imaging device according to the invention. The imaging device 
comprises an optical microscope imaging system (10), a recepta- 
cle (20) and a control circuit (30) , Preferably, the imaging 
system (10) comprises a conventional optical microscope (11) 
equipped with a barrel lens (12) objective, and an iiaaging cam- 
era (13) . The camera (13) is e.g. a CCD camera. Alternatively, 
photodiodes or multiplier tiibes can be used as detectors. The 
microscope (11) (shown schematically) can be positioned relative 
to the receptacle (20) with a microscope drive (14) . The sample 
illumination is conducted through the microscope (11) or (shown 
with broken lines) with a separate illumination device (15), 
which can be positioned on the opposite side of the receptacle 

(20) . The arrangement of fig. 6 can comprise a laser tweezer de- 
vice (not shown) for additionally exerting optical forces to the 

object. 

The receptacle (20) comprises a fluidic microsystem with a chan- 
nel or chamber (21) for accommodating a liquid with at least one 
suspended object to be investigated. Microelectrodes (22) are 
arranged on the walls of the chamber' (21) as it is known from 
conventional microsystem technology. The chamber (21) is closed 
with a cover glass (23) and carried by a support (24) . The sup- 
port (24) can be adjusted with a receptacle drive unit (25) . 
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The control circuit (30) comprises a data set storage (31), a 
parameter storage (32), a switching box (33), a calculation cir- 
cuit (34)' and an object image storage (35) . The control circuit 
(30) is connected with further input/output devices (40), e^g. 
with a display and a printer. 

For conducting the method according to the invention, the object 
to be investigated is positioned in the optical axis of the mi- 
croscope (11) . The microelectrodes are controlled with a certain 
set of parameters, which are contained in the parameter storage 
(32), The parameters comprise e.g. the phase, amplitude and fre- 
quency of electrical fields, information about the control mode 
as well as object properties. According to the parameters, the 
object is moved within the receptacle (20) as described above. 
During the movement, a series of at least two data sets is re- 
corded with the camera (13) and submitted to the data set stor- 
age (31) . The data sets are evaluated in the calculation circuit 
(34) in dependence on the parameters (32) for obtaining the ob- 
ject image, which is submitted to the object image storage (35) . 

The switching box (33) is connected with the parameter storage 
(32) and the calculation circuit (34) . The switching box (33) is 
arranged for submitting predetermined switching parameters to 
the parameter storage (32) . According to the switching parame- 
ters, a movement mode of the object in the receptacle (20) is 
adjusted. 

Examples / Imaging experiments performed with a prototypic set- 
up based on the invention 

-A- Visualization of the Lamin structure of HeLa cells 
As an example for studying a cellular protein by live three- 
dimensional microscopy fluorescent nuclear lamin proteins inside 
a live suspended cell were imaged using a prototype of the in- 
vention . 
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Lamins are the major components of the nuclear lamina, a two- 
dimensional filamentous network at the periphery of the nucleus 
in higher eukaryotes, directly underlying the inner nuclear mem- 
brane. In the course of cell-cycle-dependent dynamics of the nu- 
.cleus in higher eukaryotes, lamins as well as lamin-binding pro- 
teins seem to possess important functions during various steps 
of post-mitotic nuclear reassembly and seem to play a role in 
various pathological processes in muscle (Emery-Dreifuss muscu- 
lar dystrophy, EDMD; dilated cardiomyopathy and conduction sys- 
tem defect, DCM-CD; and limb-girdle muscular dystrophy, LGMD) 
and adipose tissue (Dunnigan-type familial partial lipodystro- 
phy, FPLD) . Lamins are more dynamic than originally thought. 
These findings alltogether demonstrate the necessity to investi- 
gate the localiztion of lamins within the cell and their dynam- 
ics with great precision in order to learn about their functions 
and dysfunctions. HeLa cells were used for this purpose which 
overexpressed lamin protein fused to* the fluorescent protein 
dsRed, 

The cells were detached from the culture flask using trypsin and 
suspended in Cytocon™ Buffer II containing 30 mM salt / phos- 
phate buffer balanced to normo-osmolar values using 0.3 M inosi- 
tol solution. The cells were introduced into DFC4 chips and 
caged within the 30 vm field cage {distance between opposing 
electrode tips within one plane: 30 pm) using the Cytocon~ 300. 
The field cage was energized at 700 kHz and 1.9 - 2.6 Vrms. The 
cells were subjected to a rotational movement by using the "rot 
II" mode of the Cytocon™ 300. The DFC4 Chips was mounted on a 
Zeiss Axiovert 200 microscope equipped with the Photometries 
Cool SNAP camera Hamamatsu and the T.I.L.L. Vision imaging sys- 
tem. The cell rotated at a constant speed of approximately 20 
revolutions per minute and an image-spin series was generated at 
a speed of 10 frames per second with 50 ms exposure time. The 
axis of the rotation was selected by a controlled modulation of 
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amplitudes of the upper and lower electrode plane of the • field 
cage. 

Figure 7 shows a diagram of fluorescence intensity within an im- 
age area of the HeLa cell during the image-spin series of the 
experiment described here and partially shown below in figure 9. 
The fluorescence intensity in arbitrary units is plotted against 
the number of the images taken at a rate of 10 per second. The 
position of the peaks demonstrate the accuracy of the frequency 
which can be achieved for a cell spin. The period can be deter- 
mined from the distance of two peaks/ e. g., between peak 7-1 
and 7-2. 

Image-spin series of the HeLa cell with overexpressed lamin pro- 
tein fused to the fluorescent protein dsRed are illustrated in 
Figure 8, Figure 8-1 show the image taken at second 4, figure 8- 
2 is the image taken at second 21 and figure 8-3 is the image 
taken at second 34. The fluorescent object 8-4 occurs in image 
8-1 at a specific position given by a xy-- coordinate 8-5 and it 
appears at an identical position in the image 8-3 after ten 
revolutions . 

-B- Rotation of Jurkat cells around two different rotation axes 
Jurkat-cells were suspended in Cytocon'** Buffer II and introduced 
into a DEC Chip, A single cell was caged within the center 30 ym 
field cage of the chip using a Cytoman'"* and a frequency of 
700 kHz and an amplitude of 1.9-2.6 Vrms. The cell could be con- 
tinuously rotated around a horizontal as well as a vertical axis 
without altering its center position. Spin frequency could be 
varied from 0.01 rps (revolutions per second) to 0.5 rps by al- 
tering the amplitude in a range of 1.5-3 Vrms and/or the fre- 
quency in a range of 0.3 MHz-8 MHz. 

The Cy toman™ provides two different rotational field modes and 
one alternating field mode according to table 1. A switch box 
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enabled to change between two different spin axes (around a ver- 
tical and a horizontal spin axis, see fig. 2) . 





Electrodes 

12 3 4 1' 2" 3' 4" 


Vertical 
spin axis 
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field I 


0 


7C/2 . 


71 


.-7C/2 
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spin axis 
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field II 
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7C 


-7C/2 




0 


7C/2 


Fixed posi- 
tion 


Alternating 
field, type 
C 


0 


71 


0 


7C 


0 


7C 


0 


7C 



Table 1: Addressing of the eight DFC electrodes for a cell spin 
around a vertical and a horizontal axis as well as for mo- 
tionless positioning (no rotation) • The phase shift of the field 
vector is given (Schnelle, Th. et al , "J. .Electrostatics" 50, 
2000, 17-29) . 
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APPENDIX I 

A de convolution, volume reconstruction operation bases itself on 
the following considerations: ^^A digital image (e.g. microscopic 
image of a distribution of fluorescent molecules) is a convo- 
luted 2-dimensional representation of a 3-dimensional reality. 
The individual information given at each image pixel includes 
not only the true signal emerging from a single point in the fo- 
cal plane, but also varying degrees of additional signal accumu- 
lated from fluorescent out-off -focus volumes, above and below 
the focal plane, but within the focal depth along z-axis'' (from 
Shorte & Bolsover, 1999) . Fluorescent specimens act as self- 
luminous objects in which point sources behave as independent 
sources- Neglecting the light scattering, the optical density g 
at each pixel can be written as: 

g = J H c dz 

wherein H is the extinction coefficient and c the absorber con- 
centration. For reconstructing a 3-dimensional image of the ob- 
ject, c is to be obtained from entities g and H for a plurality 
of image planes by deconvolution. 

The deconvolution is obtained in analogy to conventional recon- 
struction from radiographic projections (tomography) . In stan- 
dard tomography, the specimen does not move but the radiographic 
apparatus turns around it to get a set of images. The values c 
can be reconstructed as described by B. Chalmond et al. in "in- 
verse problems", vol. 15, 1999, p. 399-411. According to* the 
present invention, the situation is reversed. The object to be 
investigated is rotated whereas the microscope is fixed. The 
conventional tomography algorithms can be used after a numerical 
coordinate transformation of the microscope set up into the ra- 
diographic context- 



